Fission fragment angular distributions have been measured for 10 B(spinϭ3 ϩ ), 11 B(spinϭ3/2 Ϫ )ϩ 232 Th reactions at projectile energies below and above the Coulomb barrier. The fragment anisotropies for the 11 B ϩ 232 Th system are found to be significantly larger than the statistical saddle point model ͑SSPM͒ predictions at sub-barrier energies, while for the 10 Bϩ 232 Th system the deviations from SSPM predictions are found to be much less. The present results indicate that the ground state spin of the projectile influences the fragment anisotropies at sub-barrier energies in a larger way than predicted by the statistical model with the inclusion of the M-state distributions. Calculations were carried out based on the entrance channel dependent K-states distribution and preequilibrium fission models, with inclusion of ground state spin of the projectiles, which are found to explain the variation of fission fragment anisotropies as a function of bombarding energy for both the systems.
Recently, there has been a lot of interest in the study of fission fragment angular distributions in heavy ion induced fission reactions using actinide targets because of the observation of anomalously large fission fragment anisotropies at near-and sub-barrier energies in these systems, as compared to the calculations based on the statistical saddle point model ͑SSPM͒ ͓1,2͔. The general conclusion from these studies is that the large ground state deformation of the actinide target nuclei influences the fission process at the sub-barrier energies leading to fission events before full equilibration of the K degree of freedom ͑preequilibrium fission͒, which accounts for the large anomalous fragment angular anisotropies observed in these systems. The projectile deformation, however, does not seem to affect the fission fragment anisotropies, as was evident from the 28 
Siϩ 208
Pb reaction, where the fission fragment anisotropies were found to be normal at near-and sub-barrier energies ͓3͔. In a recent study ͓4͔, it was shown that for actinide nuclei, the presence of large target ground state spin had an influence on the deviation of the fission fragment anisotropies from SSPM predictions at sub-barrier energies. It was seen that for the 12 Cϩ 236 U and 12 C ϩ 238 U systems having zero ground state spin, the fragment anisotropies exhibit a large anomaly around Coulomb barrier energies, whereas for the 12 Cϩ 235 U system having large ground state target spin, the deviations of the observed fragment anisotropies from SSPM predictions were found to be much less. These results were interpreted in the framework of the entrance channel dependent ͑ECD͒ K-state distribution based on the preequilibrium fission model ͓5,6͔ by incorporating the ground state spin of the target in the calculation of the fragment angular distributions. In the case of nonzero ground state target spin (I ᭺ ) the entrance channel K-state distribution is not peaked at Kϭ0 but at KϭϮI ᭺ , which is responsible for lowering the angular anisotropies at sub-barrier energies. If, however, the target nucleus, has zero spin, but the projectile has a spin I ᭺ and it gets transformed to K of the dinuclear complex ͑the spin along the symmetry axis͒, then the entrance channel K-state distribution will also peak at KϭϮI ᭺ . It is, therefore, of interest to investigate if the ground state spin of the projectile has any influence on the deviations of the fission fragment angular distributions from the SSPM predictions at the sub-barrier energies. Th target was used and the fission fragments were detected using two silicon surface barrier detectors of thickness 17 m and 12 m. The elastic and inelastic-scattering events of the projectile ions were eliminated by taking anticoincidence with a veto detector mounted behind the 17 m detector. For the 12m detector, the veto detector was not required, since the fission events were very much separated from the elastically scattered events. The angular distribution measurements were carried out over the laboratory angular range of 80°-170°. The relative solid angles of the two detectors were determined by taking data in both detectors at overlapping angles. The absolute fission cross sections were obtained by normalization to Rutherford scattering with a monitor detector mounted at a forward angle ( lab ϭ25°). The measured fragment angular distributions were transformed to the center-of-mass system by assuming symmetric mass division and using the Viola systematics ͓9͔ for fragment kinetic energies. For the lighter projectiles of 10 B and 11 B, the contribution from transfer induced fission is expected to be quite insignificant compared to fusion-fission and hence the fission events are assumed to correspond to the fission of compound nucleus formed by the complete fusion of the target and the projectile. Th systems at a few typical bombarding energies. The angular distributions were fitted by Legendre polynomials ͑shown by continuous lines͒ to derive the angular anisotropy ͓W(180°)/W(90°)͔ values at various bombarding energies. Figure 2 shows the fragment angular anisotropies for both the reactions as a function of the bombarding energy. It is seen that at a given bombarding energy, the fragment anisotropy is lower for the 10 Bϩ 232 Th system as compared to that of the 11 Bϩ 232 Th system, which is ascribable to the difference in the average angular momenta in the two systems. The results of the SSPM calculations are also shown as dashed lines in Fig. 2 . The fission barrier parameters such as the barrier height B f and effective moment of inertia I e f f required for the SSPM calculations were taken from the finite range rotating model calculations of Sierk ͓10͔. The compound nucleus l distributions were calculated using the CCDEF ͓11͔ code, which reproduced the measured fission cross sections for both the systems as shown in Fig. 3 . The CCDEF calculations were done by taking into account the static deformation of the 232 Th target nucleus (␤ 2 ϭ0.22,␤ 4 ϭ0.09). The effective temperature at the saddle point was determined after correcting the excitation energy for the energy removed by the pre-scission neutron ( pre ) emissions and using the level density parameter aϭA/10 MeV Ϫ1 . The experimental results on the prescission neutron multiplicity as a function of fissility and excitation energy were taken from Ref. Th system, pre numbers are in the range of ϳ0.9 to ϳ2.0 and compound nuclear excitation energies are in the range of ϳ37.0 MeV to ϳ55.0 MeV. The SSPM calculations were carried out by using the exact expressions ͓14͔ for fission fragment angular distributions with proper weighting of J, M , and K states to take into account the projectile spin. It is seen from Fig. 2 that at energies far above the barrier, the SSPM calculations are able to explain the experimental results, but fail to reproduce the fragment anisotropies at near and below barrier energies. The discrepancy between the calculations and the experiment is found to be more pronounced for the 11 Lestone et al. ͓4͔ , who have also carried out singles measurements for fragment anisotropy determination as in the present Rapid Communication. As pointed out above, the target spin effects on the fission fragment anisotropies at sub-barrier energies have been explained earlier in the framework of ECD K-state distribution based on the preequilibrium fission hypothesis by considering the ground state spin of the targets ͓4͔. In the present Rapid Communication, the target has zero spin but the projectiles 10 B and 11 B have different ground state spins. In order to compare with the experimental results of fragment anisotropy as a function of bombarding energy for the above systems, we have carried out theoretical calculations similar to the ECD model calculations, with the additional assumption that the spin of the projectile gets converted to K ͑the spin along the symmetry axis͒ of the fissioning nucleus. The main ingredient of the ECD model as applied to a deformed target nucleus with spin I ᭺ is that immediately following fusion the system has the K-state distribution of the entrance channel and that this initial distribution gets broadened with time due to coupling between intrinsic and collective rotational degrees of freedom. Secondly, the entrance channel K-state distribution has a strong dependence on the beam energy due to varying transmission coefficients at different contact points in sub-barrier fusion. At above-barrier energies where the contact points are equally probable the entrance channel K distribution is fairly uniform and broad and thus the K-state equilibration has little influence on the K-state distribution of the fissioning system. However, at sub-barrier energies the entrance channel K-state distribution is peaked at Kϭ0, and strongly influences the K-state distribution of the fissioning system. If the target or projectile has a ground state spin I ᭺ , the entrance channel K-state distribution is taken to peak at KϭϮI ᭺ instead of Kϭ0 at near-and sub-barrier energies ͓4͔. As a consequence, if the ground state spin of the target or projectile is large as in the case of 10 B(3 ϩ ), the anisotropy at sub-barrier energies gets reduced and becomes closer to SSPM predictions, whereas for zero or low ground state spins in the entrance channel as in the case of 11 B(3/2 (Ϫ) ), the anisotropy is expected to show deviations from the SSPM predictions.
According to the preequilibrium fission model, the fission K distribution is given by P f (K)ϭ P initial (K) P saddle (K), where P initial (K) is the K-state distribution of the initial dinuclear complex and P saddle (K) is the equilibriated Gaussian K distribution at the saddle point. In the original paper, Ramamurthy and Kapoor ͓5͔ had applied their preequilibrium fission model to the case of a spherical target and projectile, where the entrance channel K-state distribution was assumed to peak at Kϭ0, since in this case the fission symmetry axis developing along the line joining the centers of the two nuclei, is always perpendicular to J. This formalism was extended by Vorkapic et al. ͓6͔ , to include the target deformation in the calculation of the entrance channel K-state distribution. Following the work of ͓4,6͔, F(J,K,KЈ) can be defined as the probability of a fissioning system having the quantum numbers J and K, when populated from an entrance channel K-state distribution which peaks at KЈ, and is given by
is obtained by taking the initial K-state distribution for each J value convoluted by a Gaussian with standard deviation K and multiplied by the SSPM K-state distribution at fission saddle. If the target nucleus is oriented by an angle with respect to the beam direction, the entrance channel K-state distribution peaks at the most probable value, KЈϭJ sin . The entrance channel K-states population for particular angular momentum value J is determined from fusion cross section f us (J,) at various target-projectile orientations. If the target or projectile has ground state spin, I ᭺ , the entrance channel K-state distribution peaks at KЈ ϭ J sin ϮI ᭺ . Figure 4 shows 
The fission fragment angular distributions were calculated using Eq. ͑3͒. Figure 5 shows the results of these calculations ͑solid lines͒ for the fission fragment anisotropies for the 10 B(I ᭺ ϭ3)ϩ . In order to examine the sensitivity of the calculations to the value of the ground state spin, we have carried out calculations for the 10 B system using a fictitious spin value of 3/2, and the results are shown in Fig. 5 by the dot-dashed line. The calculations are found to be quite sensitive to the value of spin at the sub-barrier energies. It may be concluded that at the sub-barrier energies, the projectile spin has a large effect on the fragment anisotropy values. The enhancements in the fragment anisotropies over the SSPM predictions in the present systems can be accounted by incorporating the nonequilibrium K-state distributions suggested by the preequilibrium hypothesis.
In summary, we have measured the fission fragment anisotropies for the Th (I ᭺ ϭ3/2) systems at near-and sub-barrier energies. The experimental results show that the presence of projectile ground state spin significantly affects the fission fragment anisotropies at sub-barrier energies. The ECD K-states model based on the preequilibrium fission hypothesis, incorporating the projectile ground state spin, provides a consistent description of the measured fragment anisotropies around Coulomb barrier energies for both the systems.
